This paper describes the optimisation of the surface characteristics of a high-frequency substrate material widely used in the PCB (printed circuit board) industry by means of CF 4 /O 2 plasma etching, in order to make it suitable for the fabrication of RF (radio frequency) circuit structures by a combination of inkjet printing and electroless plating. A statistical DoE (design of experiments) based on a CCRD (central composite rotatable design) was used to systematically vary the plasma etching parameters and explore the characteristics of the etching process. This experimental design yielded 31 substrates, all of which were assessed in terms of surface energy, surface roughness and adhesion. Out of these substrates, 5 were identified as having the most favourable surface characteristics. Finally, RF circuit structures in the form of S-band filters were fabricated on these substrates using an inkjet printing-electroless plating combination, and the RF performance of these structures was characterised and compared.
Introduction
Inkjet printing is an additive fabrication method, seen as an important enabler to realise (RF-) electronic circuit structures on dielectric substrates. In recent years, considerable progress has been made in fabricating electronic circuits/circuit components using this method. [1] [2] [3] [4] Development of inks with low sintering temperatures, such as nanoparticle-based silver ink, has resulted in widespread research activity in this field.
Reliability and robustness are crucial factors that determine the extent to which a process or a product is successful. Lately, important results concerning the reliability of inkjet-printed circuit structures have been published. Caglar et al. [5] and Sridhar et al. [6] discussed the mechanical reliability of inkjet-printed silver structures in terms of tensile adhesive performance, determined using the pulloff test method. Caglar et al. [5] also performed a DMA (dynamic mechanical analysis) to assess the effect of dynamic mechanical stresses on inkjet printed NPS (nanoparticle silver) structures. Joo and Baldwin [7] developed a new adhesion test method called the MBST (modified button shear test) to estimate the interfacial fracture energy of NPS films. Other publications, such as the one by Kaydanova et al., [8] have dealt with the adhesion performance of inkjet-printed structures using qualitative test methods like the scotch-tape test. However, the effects of surface roughness and surface energy of the substrate material on the mechanical reliability of inkjet-printed structures has not been given sufficient attention so far, though there are some exceptions including the work of Park et al. [9] Prior experience has shown that mechanical interlocking of inkjet printed structures to the substrate, due to the latter's surface roughness, plays a dominant role in determining the adhesion. This is especially true in the case of polymer substrates, as their chemically inert nature generally does not favour strong chemical bonding. Scotch-tape tests done on inkjet-printed structures on commercially available PCB laminates have indicated that the adhesive strength was poor and unsuitable for further processing steps. Figure 1 depicts the Scotch-tape used for one such test, in which an inkjet printed silver track was almost completely removed from the substrate. A survey of the literature indicates that plasma etching offers a way to modify the substrate surface characteristics, thereby promoting adhesion.
This research was carried out with two principal objectives: (1) to determine the influence of the surface characteristics of the substrate material on the adhesion of structures inkjet-printed on them, so as to find the optimal surface characteristics to realise better adhesion without compromising the accuracy of the inkjet-printed structures; and (2) to fabricate S-band filter structures on the optimised substrates using a combination of inkjet printing and electroless plating. This fabrication method involves inkjet printing of silver seed tracks and subsequently copper plating them using an electroless plating process.
The growth of copper on the silver seed track resulting from the plating process imparts the necessary thickness to the RF structures. The mechanism behind the copper growth has been explained by Kao and Chou. [10] The fabrication of RF structures using the abovementioned method was demonstrated by Sridhar, et al., [11] with the example of an S-band filter and an RF transmission line. In order to determine the influence of the surface characteristics of the substrate material on adhesion, a CF 4 /O 2 plasma etching process was used to impart varying degrees of roughness and surface energy to the substrate material. The plasma process parameters were systematically varied using an experimental design based on a secondorder CCRD. The substrates with optimal surface characteristics were selected based on surface energy calculations, surface roughness measurements, and adhesion tests using the scotch-tape test method. images in this paper were captured using a JSM-6400 (JEOL Limited, Japan).
Materials and Methods

Materials
Experimental design
The experimental design techniques commonly used for process analysis are full factorial, fractional factorial and CCRD. CCRD gives sufficient information to describe the majority of steady-state process responses. [12] It requires much fewer runs when compared to the full factorial design and gives a clearer picture about interactions between the process variables than a fractional factorial method.
The CCRD was chosen in such a way that it contains '2 n ' factorial treatment designs, '2n' axial or star points, and sufficient replications at the centre of the design. Here, 'n' represents the number of process variables under study.
Initial plasma-etching trials showed that four factors, namely power (P), time of exposure of the substrate to the plasma (t), flow rate of O 2 (f_O 2 ), and flow rate of CF 4 (f_CF 4 ), are the most relevant parameters that need to be studied. The operating pressure, which is generally considered important in plasma etching, could not be pre-set in the available equipment. As a result, the CCRD consisted of 16 factorial treatment designs, with 8 star points and 7 centre points; thus, 31 experiments in total. In comparison, a full factorial design for the same process would 
Here, Y represents the yield; β 0 is a constant intercept; β i , β ii and β ij represent linear, quadratic and interaction coefficients, respectively; and x i represents the coded independent variables. The DoE model was used to understand the influence of the process parameters on the outcome of the plasma-etching process. The experimental design and the coded parameter levels are listed in Table 1 ; the corresponding parameter names and actual values are listed in Table 2 . The magnitude of the process parameters are much higher than those found in the literature. The reason for this is that the plasma-etching equipment used for this study is an industrial-scale machine with a large chamber that necessitated these parameter values for effective etching. In Table 1 , runs 1-16 represent the 2-level full factorial model, runs 17-24 represent the star points, and runs 25-31 represent the centre points of the model.
Experiments
As per the experimental design, 31 substrates, each measuring 100 mm × 100 mm, were cut and then plasma etched. In this etching process, the specimen, i.e. substrate, is immersed in plasma containing gases that react with it. At relatively high process pressures of more than 0.2 mbar, the mechanism for etching is predominantly was not expected to play a major role in the outcome of the etching process.
After etching, the contact angle of water on these substrates was measured for the purpose of calculating the surface energy of the substrates. Neumann's equation of state, shown as Eqn. (2), relates surface energy with contact angle. These calculations were done using a software program coupled to the contact-angle measuring system. ,
where 'θ ' is the contact angle, 'σ S ' is the surface energy of Moreover, a local cluster of roughness peaks or valleys will radically modify the spreading behaviour of such a droplet.
Selection of Optimal Substrates
The measured contact-angle values and the corresponding surface-energy values are depicted in Fig. 2 . In Figure   3 , the measured surface roughness values in terms of R a are plotted. In both these graphs, specimen number 0 indicates the untreated RO4000 series substrate. The numbers of the substrates correspond to the runs as listed in Table 1 . 
S-band Filter
The design of the S-band band-pass filter is shown in Fig. 6 . The reason for choosing to make a filter is that it is relatively straightforward to compare performance characteristics like return loss (S 11 ), insertion loss (S 21 ) and passband.
The next step was the fabrication of the designed filter.
The selected substrates were cleaned to remove any impurities present on their surface and dried in a convection oven at 100°C for 30 minutes. After drying, seed tracks for the filters were inkjet printed, with the substrate and the ink at room temperature. A sintering step followed, in which the printed substrates were heated at 150°C for 30 minutes, as specified by the ink supplier. Copper was electroless plated on these seed tracks to impart the desired thickness to the filter structure. The thickness of plated copper was approximately 2.5 μm, which is sufficient for the S-band due to the skin effect. More details concerning the filter design, skin effect and plating process used in this research have been dealt with in a separate journal paper.
[11] Figure 7 shows one of the fabricated filters. All the filters were subjected to RF measurements using a network analyser.
Results and Discussion
Plasma etching and DoE model
The Surface roughness model:
Surface energy model:
In these models, x 1 , x 2 , x 3 and x 4 represent the process variables listed in Table 2 The ANOVA (analysis of variance) showed that there is a significant lack-of-fit in the models and they contain a few observations with large residuals. These deviations can be explained by the following influences:
( (2) The influence of the operating pressure inside the plasma equipment could be pronounced. Since it could not be pre-set and hence was left out of the DoE model, its influence could not be quantified.
RF characterisation
Network analysis of the fabricated filters showed that return and insertion losses of the 5 tested filters show some variation, as depicted in Figures 8 and 9 . This can be The network analyses revealed that it is indeed possible to fabricate RF structures using the process combination of inkjet printing and electroless plating; in addition, the repeatability of this fabrication method was also verified.
Conclusions
The goals stated at the beginning of this paper were accomplished. Substrates with optimal surface characteristics were identified based on DoE, and S-band filters were fabricated on them using a combination of inkjet printing 
